Calcium alginate (CA) was used as an adsorbent to remove methylene blue (MB) from aqueous solution. The effect of initial dye concentration, contact time, temperature and solution pH on the adsorption of MB onto CA was investigated by batch experiments. The percentage removal of MB decreased with increasing temperature. Comparatively high adsorption capacities were shown over a wide pH range (pH 2-11). More than 93% of MB removal was obtained within 30 min for an initial dye concentration of 1,000 mg/L at an adsorbent dose of 4 g/L. The adsorption equilibrium was investigated by the Langmuir and Freundlich isotherms. The maximum adsorption capacity was 2,355.4 mg/g on the basis of the Langmuir isotherm. Thermodynamic parameters were evaluated, and revealed that the adsorption process was a spontaneous, exothermic and entropy-reduced process. Pseudo-first, pseudo-second and intra-particle diffusion kinetic models were applied to the experimental data, and the results showed that the adsorption was in good agreement with the pseudo-second order kinetic model. Desorption studies implied that CA could be a useful adsorbent for the removal of MB from aqueous solution.
INTRODUCTION
Wastewater containing synthetic dyes from the textile, food, paper making, printing, leather and cosmetic industries may have major effects on living organisms due to the toxicity of these pollutants (Copaciu et al. ) . Water bodies used to supply drinking water have become contaminated with these effluent toxicants in many developing countries.
Because of its simplicity and high efficiency, adsorption technology is one of the most effective methods for the removal of organic dye pollutants, characterized by low biodegradation potential. In recent years, there has been increasing interest in the search for inexpensive and effective adsorbents, such as activated carbon produced from agricultural and industrial wastes (Bhatnagar & Sillanpää ) , biopolymers (Sánchez-Martín et al. ), clays and clay minerals (Taha & Sadi Samaka ) . The aim of this study was to explore CA without any modification in order to remove MB from aqueous solutions. The effect of several operating parameters, such as initial concentration, contact time, temperature and solution pH on the adsorption were investigated by batch experiments. Equilibrium data were fitted to Langmuir and Freundlich isotherms. Adsorption kinetics models, namely pseudo-first and pseudo-second order equations and the intra-particle diffusion model, were used to examine the mechanism of the adsorption process. The thermodynamic parameters (△G o , △H o and △S o ) were also evaluated for the MB-CA system. In addition, a study of desorption was carried out to elucidate the possibility of recovering the adsorbent and adsorbate.
METHODS

Materials
The adsorbent used in this study, a CA powder (Lot no. AP4VJ-LT), was obtained from Tokyo Chemical Industry Co., Ltd, Japan. MB (purity, !98.5%) was supplied by Shanghai Hushi Chemical Co., Ltd (Shanghai, China). The molecular formula of MB is C 16 H 18 ClN 3 S·3H 2 O. The structural formulae of MB and CA are shown in Figure 1 . Other chemicals used were of analytical grade. All solutions were prepared using doubledistilled water. The morphology of CA before and after adsorption was characterized by a scanning electron microscope (SEM; KYKY-EM3900, KYKY, China).
Preparation of dye solutions
A stock solution (10 g/L) of MB was prepared by dissolving accurately weighed amounts of MB in double-distilled water. The experimental solutions were prepared by subsequent dilution of the stock solution with distilled water. The absorbance of the MB solution after adsorption was measured at the absorption wavelength of 660 nm using a UV-visible spectrophotometer (UV-2550, Shimadzu, Japan), and the concentration of MB was calculated by using a linear calibration curve.
Adsorption experiments
To investigate the effects of the various parameters on MB The removal percentage (R%) and the adsorption capacity (q e , mg/g) were calculated by the following equations:
where C i and C e are the initial and adsorption equilibrium concentrations (mg/L) of MB solution, respectively; V is the volume of solution (L) and W is the mass (g) of the adsorbent.
Desorption studies
For desorption studies, the initial dye concentration was 1,000 mg/L. The adsorbent was separated from the dye solution by centrifugation after equilibrium. Then the spent adsorbent was transferred to an Erlenmeyer flask using 25 mL water with different pH values and agitated for 180 min. The concentrations of desorbed dye solutions were determined as mentioned before. The desorption percentage (D%) was calculated by the following relationship:
where C d is the dye equilibrium concentration (mg/L) after desorption; C i and C e are as mentioned above.
RESULTS AND DISCUSSION
Characterization of CA
In Figure 
Effect of initial dye concentration
The effect of the initial concentration in the range 1,000-10,000 mg/L on MB removal was investigated and the 
Effect of pH
To understand the adsorption mechanism, it is important to investigate the effect of solution pH on the adsorption capacity for MB. The effect of pH on dye removal was studied in the pH range of 1-11; MB solution is not stable when the pH is greater than 12. The results are shown in with pH in a certain pH range. The adsorption process may also be affected by steric hindrance.
Adsorption thermodynamics
The effect of temperature from 25 to 55 W C on the removal of MB over a concentration range of 1,000 to 10,000 mg/L was investigated. The data show that the percentage removal and adsorption capacity of MB decrease with increasing temperature ( Figure 6 ). From this trend, the decrease in the adsorption capacity at a higher temperature indicates that the adsorption of MB onto CA is an exothermic process.
The thermodynamic parameters, such as the change in Table 1 . These constants were calculated using the following equations:
where K c , C Ae , C e are the equilibrium constant, the mass of MB adsorbed onto CA per liter of solution at equilibrium (mg/L) and the equilibrium concentration of MB solution (mg/L), respectively. R is the gas constant (8.314
) and T is the absolute temperature (K). A plot of lnK c versus 1/T from the data in Table 1 
Adsorption isotherm
The study of adsorption isotherms can be used to explore how molecules of adsorbate interact with the adsorbent surface. Two important isotherms, the Langmuir (Langmuir model is generally more suited to the description of a heterogeneous system and a multi-layer adsorption process.
The Langmuir adsorption isotherm can be expressed as follows:
where q e is the amount of MB adsorbed per unit mass of CA at equilibrium (mg/g); C e is the equilibrium concentration of Table 2 , it is noted that the values of n are bigger than unity, reflecting that the bond between MB and CA is strong. Furthermore, the values of K F indicate that the CA has a high adsorption capacity for MB in solution.
A comparison of the maximum adsorption capacity of MB for several adsorbents is presented in Table 3 . It can be seen that the CA used in this work shows a relatively high adsorption performance for MB. Thus, CA is a promising adsorbent for the removal of MB from aqueous solution. 
Adsorption kinetics
In order to investigate the adsorption mechanism of MB onto CA, three of the most widely used kinetic models, i.e. pseudofirst order, pseudo-second order and the intra-particle diffusion model, have been used to fit the experimental data. The linear form of the pseudo-first order model is:
where q e,exp is the maximum amount of dye adsorbed at equilibrium (mg/g), q e,cal is the calculated amount of dye adsorbed at equilibrium (mg/g) from the linear regression, q t is amount of dye adsorbed at a time t (mg/g) and k 1 is the pseudo-first order rate constant (min
À1
). The rate constant, k 1 and correlation coefficients R 2 of the dye at different concentrations were calculated from the linear plots of log(q e,exp -q t ) versus t.
The linear form of the pseudo-second order model is as follows:
where k 2 is the pseudo-second order rate constant (g/mg min) and other parameters in the relationship are the same as above. The parameters, k 2 , q e,cal , and R 2 were determined from the plots t/q t versus t by linear regression analysis.
The intra-particle diffusion model is given by:
where
) is the rate constant of intra-particle diffusion controlled sorption, and C i (mg/g) is the intercept that characterizes the thickness of the boundary layer. The parameters, C i and k i can be evaluated from a linear plot of q t versus t 1/2
. Different kinetic parameters of MB adsorption onto CA for different concentrations are listed in Table 4 .
From Table 4 , it can be seen that the correlation coeffi- determined experimentally. This suggests that the adsorption process of MB onto CA belongs to the pseudo-second order model, indicating that the rate-limiting step might be chemical Figure 8 .
For the intra-particle diffusion model, all the correlation coefficients are low (R 2 < 0.833). According to this model, the plot of q t versus t 1/2 should be linear if intra-particle diffusion is involved in the adsorption process. Moreover, the plots pass through the origin if intra-particle diffusion is the sole rate controlling step (Ho & Mckay ) . It was observed that these plots do not pass through the origin, which indicates that intra-particle diffusion is not the only rate controlling step, but that other kinetic processes may also control the rate of adsorption.
Desorption studies
Desorption studies can also be used to help elucidate the mechanism of an adsorption process and to explore the possibility of recovering the adsorbent and the adsorbate. An analysis of the thermodynamics for the adsorption shows the process is spontaneous and exothermic in nature.
The adsorption process of MB onto CA follows the Langmuir isotherm better than the Freundlich isotherm. The maximum adsorption capacity is 2,355.4 mg/g based on the Langmuir isotherm. CA shows extraordinary adsorption capacity, which is far greater than several adsorbents reported previously. The adsorption kinetics has been assessed by the pseudo-first order, pseudo-second order and intra-particle diffusion models. It was found that the adsorption follows the pseudo-second order kinetic model for all studied concentrations, suggesting that the adsorption process is likely to be by chemisorption. In desorption studies, a relatively high desorption of MB was obtained with 0.1 M HCl solution, indicating that CA has the potential for regeneration and reuse after MB dye adsorption. The study demonstrates that CA is an effective adsorbent for the removal of MB, and perhaps other cationic dyes, from aqueous solutions.
